Background and aims: Cirrhosis with liver failure due to hepatitis C virus (HCV) infection is the most common indication for liver transplantation (LT). Reinfection of the transplanted liver by HCV is inevitable, and aggressive hepatitis with accelerated progression to graft cirrhosis may be observed. Of concern, recent reports suggest that the outcome of LT for HCV may have deteriorated in recent years. Determinants of rate of progression to cirrhosis in the immunocompetent non-transplant patient are well defined, and the most powerful determinant is patient age at the time of infection. Following LT for HCV, recipient age does not affect outcome of HCV reinfection. However, the impact of donor age on graft fibrosis progression rate following LT has not been examined. Methods: We have examined post-transplant biopsies to assess histological activity, including fibrosis stage (scored 0-6 units, 6 representing established cirrhosis), and to calculate fibrosis progression rates in 101 post-transplant specimens from 56 HCV infected LT patients. Univariate and multivariate analyses examined the impact of parameters including recipient and donor age and sex on fibrosis progression rate, and on predicted time to cirrhosis. Results: For the cohort, median fibrosis progression rate was 0.78 units/year, and median interval from transplantation to development of cirrhosis was 7.7 years. In multivariate analysis, donor age (not recipient age) was a powerful determinant (p=0.02) of fibrosis progression rate. When the liver donor was younger than 40 years, median progression rate was 0.6 units/year and interval to cirrhosis was 10 years. When the donor was aged 50 years or more, median progression rate was 2.7 units/year and interval to cirrhosis only 2.2 years. During the observation period there has been a significant increase in donor age (p=0.01) but date of transplantation per se is not a determinant of progression rate when included in multivariate analyses. Conclusions: Donor age has a major influence on graft outcome following transplantation for HCV. The changing organ donor profile will affect the long term results of LT for HCV. These observations have important implications for donor liver allocation.
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Numerous clinical studies have examined the natural history of HCV infection in immunocompetent and immunosuppressed cohorts. Perhaps most informative have been those studies which have examined time dependent development of liver fibrosis, and have examined the impact of various clinical parameters on fibrosis progression rate. 7 9 Those studies have established that liver fibrosis develops in a linear fashion whether or not there is suppressed patient immunity. For instance, Poynard et al observed that median time from infection to cirrhosis is 30 years for the immunocompetent, 9 and Berenguer et al calculated a median time of approximately 10 years for the development of cirrhosis in the transplanted liver. 7 In the immunocompetent, age at the time of infection, sex, and level of alcohol consumption affect fibrosis progression rate, with relatively faster rates observed for patients who are infected at an older age. In studies of post-transplant infection, the focus has been on viral and recipient factors as potential determinants of disease progression. In particular, those studies have established the adverse impact of early and repeated episodes of acute cellular rejection (and treatment of rejection) on the subsequent course and outcome of graft infection. 7 12-16 However, despite the observation that sex and age related changes in liver function may affect the response to viral infection in the immunocompetent setting, few post-transplant studies have examined the impact of donor age and sex on outcome of graft reinfection.
Thus we have examined post-transplant liver biopsies of patients transplanted for HCV infection and have calculated the fibrosis progression rate for each patient. We then sought to identify an association of progression rate with established and putative determinants of graft outcome, and with donor age and sex.
PATIENTS AND METHODS
The study group comprised all patients who underwent transplantation with a primary diagnosis of end stage liver disease caused by HCV infection. Organ allocation was determined by clinical need and by donor-recipient size compatibility, and blood group identical livers were used for all patients. Following transplantation, the immunosuppression regimen comprised cyclosporin or tacrolimus (dose adjusted according to blood levels) with azathioprine and corticosteroids (dose of prednisolone tapered and completely withdrawn during the first three post-transplant months). Episodes of significant acute cellular rejection were treated with prednisolone 200 mg daily for three consecutive days. No patient received antiviral therapy following transplantation. The Birmingham liver unit protocol required liver biopsy on day 7 post-transplant, and biopsy at times of unexplained liver dysfunction, and routine annual review biopsy (irrespective of biochemical liver function) was undertaken for most patients during the study period. Until 1996, annual review biopsy was scheduled every year. Since 1996, the protocol was amended to require review biopsies one, three, and five years post-transplant. Patients were followed from the time of transplantation until June 2000 or date of death.
For the purpose of this study, all post-transplant biopsies were reviewed by a single pathologist (RH) and scored according to the acknowledged system. 17 The pathologist was unaware of organ donor details. Biopsies performed during the first three post-transplant months, when the dominant clinical problem is rejection and HCV reinfection is seldom manifest, were excluded from the study. A pathological diagnosis was established for all other biopsies. After three months, those biopsies that were normal or consistent with recurrent HCV infection were included in the study. Biopsies were excluded from study when the pathological diagnosis was other than HCV infection, for instance rejection or biliary obstruction. For each liver biopsy, a fibrosis progression rate was calculated. Simply, this rate is calculated by dividing the histological stage (represented numerically as 0-6, where 0=no fibrosis and 6=cirrhosis) by the interval from time of transplantation to time of biopsy (expressed in years). For each patient, a progression rate was calculated during the interval from transplantation until the time of the most recent liver biopsy. Also, for those patients who had more than one eligible biopsy performed during post-transplant follow up, a fibrosis progression rate between biopsies could be established.
Recipient data were retrieved from the medical records and from the Birmingham liver unit database. Data included date of transplantation, recipient age and sex, ethnic origin, primary immunosuppressive regimen (cyclosporin or tacrolimus), episodes of acute cellular rejection, hepatitis B virus (HBV) coinfection (defined as serum HBV surface antigen positivity), cold and warm organ ischaemic times, and donor age and sex. Cold ischaemic time was defined as the time between circulatory arrest in the donor and removal of the organ from ice at the time of transplantation. Warm ischaemic time was defined as the time between removal of the donor organ from the ice and release of clamps from the portal vein after implantation.
Statistical analysis
Continuous variables were summarised as median and range and compared using the Mann-Whitney test. Categorical data were expressed as numbers and percentages and compared using the χ 2 test or Fisher's exact test. Logistic regression analysis was used to examine the association of fibrosis progression with putative risk factors. The dependent variable was the fibrosis progression rate, dichotomised about the median observed rate into >0.8 units per year versus <0.8 units per year. Date of transplantation was dichotomised into transplantation before and after November 1996. Since the cohort was ethnically heterogeneous, the ethnic background of the patients was also included in the multivariate analysis as a risk factor (non-Caucasians versus Caucasians). The expected time for the development of graft cirrhosis was estimated from the fibrosis progression rate. The odds ratio (relative risk) was used to examine the association of risk factors and rate of fibrosis.
All data were analysed using the statistical package SPSS version 6.0.
RESULTS
A total of 101 HCV positive patients who underwent 104 transplants between 1988 and December 1999 were included in the study. Three underwent early regrafting within one month of the first transplantation. Of 101 patients, 92 had at least one post-transplant liver biopsy (322 biopsies in total). Of 92 recipients, 70 had a total of 152 liver biopsies performed more than three months post-transplant. For 14/70 patients, pathological diagnoses other than normal or compatible with HCV recurrence were made, and 51 biopsies from those 14 patients were excluded from the study. Thus the final histological data included 101 liver biopsies from 56 patients. Table 1 compares the 56 included patients with 45 patients who did not have biopsies included in the final analysis. Predictably, the excluded fraction had significantly shorter follow up from the time of transplantation, and a significantly greater proportion died during follow up. None of the 45 received tacrolimus as primary immunosuppression but there were no other significant differences between the two groups. The study group included five patients who were serum HBV surface antigen (HBsAg) positive at the time of transplantation. These patients received lamivudine and HBV immunoglobulin after transplantation. All became and remain serum HBsAg negative during follow up. Also, immunohistology of post-transplant liver biopsy specimens was negative for HBV antigens.
Of the 56 included patients, 29 had only one eligible biopsy, 13 had two, 10 had three, and four patients had four eligible biopsies.
Median interval from the time of transplantation to the most recent biopsy for the 56 patients was 27 months (range 3 months to 11 years 4 months). The histological grade and stage of the 56 biopsies is shown in table 2. Median fibrosis progression rate per post-transplant year was 0.78 fibrosis units (range 0-8.39). At that rate, 50% of patients will achieve cirrhosis (stage 6 fibrosis) within 7.7 years of infection.
To identify those factors which might affect the rate of development of fibrosis in the transplanted liver, the 56 recipients were divided about the median fibrosis progression rate (0.8 units/year) into two groups. Univariate and multivariate analyses were undertaken (table 3) . Of the parameters examined, older donor age (p=0.02) and more prolonged liver warm ischaemic time (p=0.01) were independently associated in the multivariate analysis with more rapid fibrosis progression. Indeed, the presentation of data in table 4 highlights the impact of donor age and warm ischaemic time on the rate of progression to cirrhosis. Predicted median time to development of cirrhosis was 10 years (95% confidence interval 4.7-13.3 years) for those recipients whose donor age was less than 40 years and only 2.7 years (1.3-5.7 years) when donor age was 50 years or more. In the univariate, but not multivariate, analysis there was a significant association of fibrosis progression rate with date of transplantation (more rapid progression to cirrhosis observed for more recently transplanted patients). The association of transplantation date with donor age and with fibrosis progression rates is illustrated in table 5. The cohort of 56 was divided into two groups according to transplantation date before or after November 1996. Fibrosis progression rate, measured for the 56 patients from the time of transplantation (and for the 26 paired post-transplant biopsies described below), was greater in the more recently transplanted cohort. Recipient age did not differ between the two cohorts. Donor age was significantly older for the recently transplanted cohort (median 45, range 17-67) than for the earlier cohort (median age 32, range 15-59) (p=0.01).
We have assumed in the analysis above that fibrosis was absent from the donor liver at the time of transplantation ( fig  1) . That assumption may be incorrect, and older donors may have had more fibrosis than younger donors. Under that circumstance, the observation that more rapid progression from time of transplantation until most recent post-transplant biopsy could be explained entirely by age associated differences in the donor liver at the time of transplantation. To examine and exclude this possibility, we have calculated fibrosis progression rates between pairs of post-transplant biopsies. Twenty seven patients had more than one eligible liver biopsy. One of the 27 had established cirrhosis in the first biopsy and thus paired biopsies were examined for 26 patients. For those patients, fibrosis progression rate between the first and most recent liver biopsies was calculated. Twenty six pairs separated by a median interval of 1.8 years were examined (table 6) . Concerning histological grade and total activity index, there were no significant differences between the first and most recent biopsies. However, during follow up there was a significant increase in liver fibrosis, and the calculated median fibrosis progression rate between biopsies was 0.48 fibrosis units per year. Comparison of paired specimens confirmed that histological stage deteriorated for 18, remained unchanged for seven, and apparently improved for one patient. Multivariate analysis, as previously undertaken to identify risk factors for fibrosis progression in the entire cohort of 56 patients, was repeated to identify factors associated with progression between the 26 paired biopsies. Of the parameters examined, donor age was again identified as a potentially important determinant of fibrosis progression. For those with fibrosis rate greater than the median, median donor age was 46.5 years (range 23-57). For those with slower fibrosis progression, median donor age was only 32 years (range 17-59). 
DISCUSSION
The results of this analysis may provide an important insight into previously made but unexplained observations of the natural history of HCV infection in immunocompetent and immunosuppressed patients. It is clear that age at the time of infection is an important and powerful determinant of fibrosis development in immunocompetent HCV patients. Poynard et al, examining the determinants of fibrosis progression in more than 2000 HCV infected patients, found that age at infection, sex, and level of alcohol consumption were important determinants of fibrosis progression. 9 From their observations, it could be calculated that the median duration from time of infection to cirrhosis was 30 years (for the entire cohort), and that the rates for those aged 31-40, 41-50, and >50 years were 30, 20, and 12 years, respectively. In our posttransplant cohort, it appears that liver age at the time of infection has an equally important predictive value. For our entire cohort, median duration to development of graft cirrhosis was 7.7 years, and rates for those with a donor age <40, 41-50, and >50 were 10, 6.7, and 2.7 years, respectively. Thus we observed more rapid progression to cirrhosis for the liver transplant recipient, a rate which was affected to the same extent as observed in the immunocompetent patient by liver age at time of infection. Poynard et al could not distinguish age related changes in liver response from age related changes in immune function as an explanation for their observations. Our observations, made in the context of LT, suggest that age related changes in liver response may be the key factor that determines the increased susceptibility of the older liver to HCV induced fibrosis.
Patient sex influences fibrosis progression rate in the immunocompetent but the impact of sex is significantly less than the impact of age at the time of infection. 9 In our post-transplant cohort, we also observed more rapid development in the recipients of male donor than of female donor livers (median fibrosis progression rate 0.92 for males, 0.45 for females; p=0.17).
Few other studies have examined the impact of donor liver age on outcome of HCV graft infection, [18] [19] [20] and none has examined the effect of donor age on fibrosis progression rate. However, our observations may have been anticipated by the study who reported a powerful association of graft fibrosis progression in Spanish and American HCV infected transplant patients with date of transplantation. In that study, more recently transplanted patients suffered rapid development of liver fibrosis. A European collaborative study also found that year of transplantation was associated with graft outcome, and inferior outcome was observed for more recently transplanted patients. 2 We speculate that the inferior outcome of recently transplanted patients described in these reports may be a direct consequence of changes in organ donor profile observed during the same period. In most countries, donor organ numbers have plateaued or are declining. Accidental death is less common, and an increasing proportion of donors are victims of cerebrovascular disease. Thus the age of donors is increasing, and in the UK median donor age has increased by approximately 10 years over the last decade. In the cohort of 56 patients who are the subject of this report, there was a highly significant difference in donor age between those patients transplanted before or after November 1996. There was an associated impact of transplantation date on fibrosis progression during follow up of 56 patients, and in progression rate between paired post-transplant biopsies for 26 patients.
Although fibrosis progression rate may be modulated by liver age at the time of infection, accelerated progression to cirrhosis remains a key observation of this and other studies of HCV infected liver transplant recipients. Observations made in other groups of immunosuppressed patients, including human immunodeficiency virus positives 21 and other (nonliver) solid organ transplant recipients, [22] [23] [24] [25] suggest that rapid progression may be related to immunosuppression per se. In this respect, a number of groups have identified an apparent association of severity of recurrent infection in the liver graft with severity and frequency of antecedent acute rejection and/or its treatment. 7 12-16 We did not find an association of fibrosis rate with rejection or its treatment. However, only one third of patients required treatment for rejection, and fewer than 10% suffered more than one treated rejection episode. None received OKT3.
We identified an association between liver warm ischaemic time and subsequent fibrosis progression. Baron et al, examining the severity of recurrent hepatitis (primarily histological grade) during the first post-transplant year, also observed an association with liver warm ischaemic time. 26 Indeed, analysis of a large US database including patients transplanted for all acute and chronic liver diseases identified an association between warm ischaemic time and patient and graft survival following LT. 27 Thus prolongation of warm ischaemic time may have detrimental short and long term effects on the graft in HCV infected and other transplant recipients.
In conclusion, we have selected post-transplant biopsies that specifically reflect the effects of recurrent HCV infection. Our analysis of donor and recipient parameters suggests that donor characteristics, principally age, may be important determinants of graft outcome. These observations, if confirmed by others, shed important light on the natural history of HCV infection in immunocompetent patients and in liver transplant recipients, and have very important implications for donor organ allocation. When the use of old donor livers for HCV positive recipients cannot be avoided, aggressive hepatitis can be anticipated, and such recipients should be considered for antiviral therapy following transplantation.
